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OBJECTIVES

• (1) Develop a polymer material that incorporates 
functional nanofillers to achieve novel oxygen-
enrichment permselectivity; 

• (2) Document the fundamental microstructure-
property relationship of the nanofiller-modulated 
polymer material using molecular simulation.



Gas-Separation Membrane Parameters

Mass transfer flux 
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Measurement of Diffusion Coefficient



Measurement of Solubility
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Polydimethylsiloxane membrane



Polyimide membrane

• Huntsman Matrimid 5218
• Fully imidized
• Soluble in a variety of organic solvents
• Tg = 280 oC



Membrane preparation

Preferred method for application of thin, uniform films 
to flat substrates. 
The polymer solution placed on the substrate is rotated 
at high speed in order to  spread the fluid by centrifugal 
force. 
Rotation is continued for some time, with fluid being 
spun off the edges of the substrate, until the desired 
film thickness is achieved. 

Neat polymer 18 Neat polymer 18 μμm thickm thick Filled polymer 28 Filled polymer 28 μμm thickm thick



Membrane permeation test



Polymer Characterization



PDMS-Carbon Nanotube Membrane

Selectivity Neat PDMS PDMS+MWNT 

Oxygen/Nitrogen 1.97 0.86 

Hydrogen/Oxygen 1.01 2.05 

 



PDMS-Silica Membrane
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Diffusion Coefficient
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Polymer-Carbon Nanotube Membrane

A molecular model of 1an)1.5-SWNT(6,6) 
complex (top) and 1H NMR spectra (300 
MHz, CDCl3) of 1a (bottom) and  a-
SWNTsHiPco complex (middle). [Jian 
Chen etc. J.Am. Chem. Soc. 2002, 124, 
9034-9035] 



Molecular Modeling and Simulations

Nanofiller Nanocomposite
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Potential energy

• The potential energy of the chosen simulation system was calculated using the 
GROMACS implementation of the modified OPLS-AA force field
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The nontorsional bonded interactions are modeled by first three harmonic terms for bond stretching, angle bending, and out of 
plane deformations for planar groups. The force constants for intramolecular deformations                    define the magnitude of the 
energy required to move the internal coordinates                away from their unstrained default values                   . The proper 
torsions are defined in terms of the specific dihedral angle (  ) and Ryckaert-Bellemans potential parameter    , where n = 0, 1…
5. The nonbonded interactions are modeled by Coulombic and 6-12 Lennard-Jones terms, where      is the distance of two sites, q 
is the partial atomic charge, and   and are the Lennard-Jones parameters. The scaling factor   is 1.0 for all nonbonded
interactions except for the 1, 4-intramolecular interactions.
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Prediction of diffusion coefficient

• To determine the self diffusion coefficient DN, one can use the Einstein relation. 
• The terms in the angular brackets represent the time averaged mean-square 

displacement (MSD). After approximately 100ps, the molecules will be moving in a 
totally random fashion (Brownian motion), and the mean-square deviation of the 
system will increase linearly as the atoms drift away from each other. The MSD from 
200ps to 800ps was fit to a linear curve and the slope is directly related to the self 
diffusion coefficient.  
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MD simulations

Polymer matrix box

Nanosilica box
partical diameter 
is about 2 nm

MD Simulations vs Experiments



Diffusion Coefficient

Predicted self-diffusion coefficient D as a function of temperature for 
neat polymer and nanocomposite chains around silica nanoparticles
(bottom).



Results Summary

• The influence of nanofillers on the self diffusion, free volume, glass transition and in 
turn the oxygen diffusion and solubility and the permselectivity of oxygen in polymer 
membrane is studied.

• Thermal properties were investigated by experiments and molecular dynamics 
simulations. Molecular models of Single-walled carbon nanotubes PDMS membrane 
and nano fumed silica PDMS membrane, zeolite-modulated polyimide membrane 
were built by Material Studio 4.0 and the resulting output coordinate files were 
modified to make them compatible with GROMACS. 

• All Molecular dynamics simulations were performed using the GROMACS 3.3 
simulation package on a 40-node IBM xSeries Linux Cluster. Modified OPLS-AA 
force field was used. In the simulations, the leapfrog algorithm was used to integrate 
Newton’s equations of motion with a time step of 2 fs. Periodic boundary conditions 
were applied and nonbonded force calculations employed a grid system for neighbor 
searching. In this system, only the atoms in the neighboring grid cells are considered 
when building a new neighbor list. A twin-range cutoff was used for both Lennard-
Jones and Coulombic calculations. 

• The permeation and diffusion experiments were performed for the different 
membranes with different amount of nanofillers.
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